The Kingdom of Saudi Arabia (KSA) is situated in an arid region and faces a chronic challenge to meet its increasing water demand. Riyadh is the capital of KSA and home to about six million people. The water demand is mostly met by groundwater resources (up to 48%), while the desalination plants cover the rest of the water supply requirements. There is a potential risk of a significant gap in water demand-supply due to the retirement of old desalination plants. This study, therefore, developed a probabilistic model to forecast desalinated water demand in Riyadh for domestic purposes up to the year 2040 based on three scenarios: low growth, the most likely (mean), and high growth scenario.
INTRODUCTION
Scarce water supply in the Middle East region is a strategic and chronic problem that can be traced back to the early A significant increase in water demand by domestic, industrial, and agriculture sectors will exert additional pressure on water resources and challenge the socio-economic development plans of the KSA's government (Ouda et al. ) . The government has considered desalination of seawater as a strategic option to meet the growing domestic water demand throughout the country (Al-Ibrahim The deterministic model will be very efficient when the data are both high quality with high certainty levels (Cheng & Chang ) . However, in situations where the main explanatory factors or variables are uncertain, the effectiveness of such deterministic models will be limited (Khatri & Vairavamoorthy ) . This applies in particular for countries like KSA, where the temperature is the only variable (Almutaz et al. ) . Other potential explanatory 
Mathematical expressions and models' variables
The total water use was estimated by the following standard functional population model: Q y ¼ Nq where Q y is the total annual water use in year (y), N the population at year (y), and q is the water use per capita
The water use (q) per capital was assumed to depend on the following explanatory variables:
whereas, income is the normal distribution with an average growth rate of 2.2%, while the standard deviation is restricted to 10% of the mean. Household size, including the average number of persons per household, is triangular probability distribution. The mean is assumed to increase by an annual growth rate of 2.4% from the base value of 5.86. The minimum and maximum values of ±1.5% of mean. Temperature is normal distribution with a standard of deviation of 1 W C
The model parameters were determined using @Risk. The population (N) forecast was based on the following methodology: The population growth rate is based on the data for annual growth rate for Saudi and non-Saudi population, currently the annual growth rate of Saudi's population is 2.95%, while it is 2.895 for non-Saudi's population. The change in annual growth rate of Saudi's population is 0.16%, while it is 0.26% for non-Saudi's population Given the above nominal data, the growth rate of Saudi was computed (resp. non-Saudi) at year_i through the following formula: Growth rate of Saudi at year_i ¼ Annual growth rate for Saudi -Change in growth rate for Saudi*(year_i -reference year)
The total population of Saudi (resp. non-Saudi) at year _i is then calculated by: decrease with a mean value of 0.16%; minimum of 0.1% and a maximum of 0.25% (Almutaz et al. ) . The current annual growth rate of 2.90% was assumed for the non-Saudi population. The authorities also predict a decrease in the flux of international immigrants, which will result in a decrease in the growth rate with a mean of 0.26%; a minimum of 0.2% and a maximum of 0.3%. The change in the growth rates is, therefore, best described by a triangular probability distribution that is based on three parameters, including mean, minimum, and maximum ( until 2040 is shown in Figure 1 . Initially, the water supply for all scenarios was around 1,918,000 m 3 /day in 2011.
This has been increased to 2,818,000 m 3 /day by 2014 due to the inclusion of the RAK plant. Afterwards, the water supplies will be reduced to the amount of 1,884,826 m 3 /day with the retirement of old MSF plants. This trend will remain constant until 2040.
Desalination technologies
The desalination technologies ( 
RESULTS AND DISCUSSION
Water demand-supply gaps
The results of water demand forecast for Riyadh city are presented in Figure 3 , which shows the annual water demand for the 5th (low-growth scenario) and 95th (high-growth growth scenario) percentiles and the most likely scenario (the mean). The most likely projected water demand for the year 2040 will be about 2,846 × 10 3 m 3 /day. This value lies between the limits of 2,414 × 10 3 m 3 /day (low-growth scenario) and 3,240 × 10 3 m 3 /day for 95% (high-growth scenario). The above-mentioned projected water demand can also be calculated using the water deficit between available water supplies and projected demand.
The total water demand-supply gaps for all three scenarios are presented under two different time period zones, as shown in Figure 4 . During the first time period zone, the water supply would meet the water demand, whereas the water demand will exceed the water supply during the second time period zone. This change will start from the year 2024, where the demand and supply curves intersect with each other, as shown by an arrow in Figure 4 . The water deficit for 2024 was 30% for a 95% demand scenario that increased to 72% (about 1,366 thousand m 3 /day) in 2040. Similarly, there will be a water deficit of 20% in 2024 for a 5% demand scenario that further increased to 28% (531 thousand m 3 /day) in 2040. Regarding the mean (the most likely scenario), the deficit value for 2024 is 25%, increasing to 51% (981 thousand m 3 /day) by 2040 ( Figure 4) .
Suitable desalination technologies
In cross comparison (Tables 3, 4 and Figure 2 ), RO is preferred over MED and MSF, as there is a better understanding today of the pretreatment requirements of the RO process.
However, RO's ability to handle feed-in seawater with variable quality is still a major drawback. This is particularly the case for Arabian Gulf water with high level of harmful algal blooms (HABs) and salt concentration. The HABs tend to cause membrane fouling with an accumulation of organic and particulate materials and, ultimately, results in operational problems of the RO plants. On the other hand, high thermal efficiencies, savings in fuel costs, operation at a low temperature to avoid corrosion and scaling, and ability to operate with feed-water that has a large salt concentration are some of the advantages of the MED process (Tables 3 and   4 ). However, in many cases, and specifically for larger plants, the lowest cost is obtained by MED when joining power and water production (Tables 3 and 4 ).
Seawater desalination together with power generation provides a promising and better usage of fuel (Ouda ) .
In this regard, MSF desalination plants can allow cogeneration of water and electricity. Therefore, the cost of the plant can be distributed to products such as water and electricity, if power generation is considered from MSF (Tables 3 and   4 In this regard, the current infrastructure of roads can be utilized along with existing fuel network facilities.
Economic analysis
Due to the extra advantages, the total investment required and detailed economic analysis for the next 25 years was Based on this, MSF desalination costs (Table 5 ) and the water demand-supply data, the required total investments for the three scenarios were calculated and are summarized in (Table 6) .
This is a substantial amount of money, given the country's high dependency on crude oil revenue and the drastic decrease in crude oil prices (Demirbas et al. a, b, c) . Furthermore, the public has very little knowledge about the water shortage in the country and other related challenges, including the cost of water production and distribution, and the government's huge subsidies (Ouda et al.
;
Ouda b). These conditions diminish the potential for water conservation and put the operational productivity and financial stability of the water desalination plants at stake (Ouda ) . Therefore, there is a high need for longlasting and effective awareness campaigns among communities and institutions for promoting water conservation in the country (Ouda ) .
Desalination technologies and climate change
The impact of desalination technologies on climate change and how the research and development trends influence the overall water management systems with time must be considered in water policy-making models (Table 7) . Currently, desalination process for cleaning water is one of the most energy-intensive processes and consumes more energy for producing each liter of water than most other water treatment and supply methods in KSA (Ouda ).
For example, in RO desalination technology, around 70% of total energy intake is by the RO process, and the remaining 30% is consumed for water pumping and pre-and posttreatments. Desalination plants use around 15,000 kWh per MSF technology seems to be a promising choice to fulfill Riyadh city's desalination needs. However, the determinations of water demand and water forecast are critical and challenging tasks due to the uncertainties in population and economic growth coupled with fluctuations in international crude oil prices. Finally, research initiatives towards 1 One of the most obvious recommendations would be to make all possible efforts for maximum water conservation, including moving towards more efficient systems and reducing the current huge government water subsidies 2 The negative impact of current desalination processes due to high energy consumption and brine disposal on local environment should be studied, aimed at helping reduce water consumption and moving towards more sustainable and environment friendly technologies improving desalination technology efficiency and minimizing its potential environmental impacts are greatly needed (Table 7) . Nonetheless, the decision to implement any desali- 
CONCLUSIONS
This study has presented a case for Riyadh city to estimate its long-term desalination needs. A probabilistic approach with three scenarios: low growth, most likely (mean), and high growth was used. The gaps between the available water resources and total water demand for up to the year 2040 for the three scenarios were estimated, along with required investments. The analysis showed that KSA needs to invest about US$6.24, 11.59, and 16.04 billion on low, mean, and high-growth scenarios, respectively, to meet the future water demand of Riyadh city for the next 25 years. These findings will help the policy-and decision-makers and water authorities to not only better understand the water demand and supply situations, but also facilitate in taking decisions to build new desalination plants to cope with predicted water shortage problems. Additionally, governments need comprehensive initiatives to improve the desalination industry's long-term financial sustainability and encourage public-private partnerships (PPP) to remove the fiscal budget burden.
Moreover, a domestic water demand program to reduce per capita water demand is critically required. The programs may include conducting public awareness campaigns, upgrading the current water tariffs system, minimizing the UFW in the water supply system and to power the desalination technologies by renewable energy instead of fossil fuels.
